Abstract-The transportation sector is one of the largest sources of greenhouse gas emissions. This has encouraged governments worldwide to fund the development of ultra-low carbon emission vehicles and replace internal combustion engine (ICE) vehicles with electric vehicles (EVs). Among EV drivers, 'range anxiety' is one of the main issues resulting from long charging durations. The reduction of charging duration by the introduction of DC fast/rapid charging stations is widely discussed in the literature. However, high charging demands due to fast charging stations may cause some challenges for power networks. In this paper, the impacts of different types of fast chargers on a UK generic distribution network are investigated. The most suitable and robust connection points of the network where fast chargers can be deployed are identified without affecting the stability and security of the system. The main findings show that network losses increase, voltages operate beyond strict limits, and system equipment becomes overloaded with increased fast charging activities in the network. Therefore, critical network points are reinforced with distributed generation units (DG) and static VAr compensator (SVC) devices to improve the system reliability and mitigate the impacts of such challenges.
I. INTRODUCTION
The transportation sector generates one of the largest shares of greenhouse gas (GHG) emissions. GHG emissions result from burning of fossil fuels for trucks, cars, trains, planes, and ships. In 2013, the sector accounted for nearly 64% of the world's oil consumption [1] . It is also nearly responsible for one-quarter of the global GHG emissions and one-fifth of the current global primary energy use [2] , [3] . Increased dependence on burning of fossil fuels has accelerated the funding and development of ultra-low carbon emission vehicles on roads. National governments worldwide want to achieve the electrification of the transport sector by replacing internal combustion engine (ICE) vehicles with electric vehicles (EVs) to increase the adoption of smart energy technologies and reduce the use of fossil fuels [2] , [4] . According to the Electric Vehicle Charging Information System, EVs reduce around 2.3 tons of carbon dioxide annually [5] . EVs also have a higher efficiency and a quieter operation than ICE vehicles [6] , [7] . Moreover, EVs can take part in demand response (DR) programs by operating as a storage device or controllable load to facilitate the integration of renewable energy systems (RESs) into the grid [8] .
On the contrary, the main concerns with the EV technology include the limited capacity of existing power networks, lack of charging infrastructures, limited charging options, long charging durations, limited driving ranges of vehicles, and high investment costs due to high battery prices [6] , [9] . Among the EV drivers, 'range anxiety' is one of the main issues due to long charging durations and lack of charging infrastructures. This anxiety is the ultimate fear of drivers ending up with empty batteries at remote places or long-distance trips [?] . Increasing the capacity of batteries is one way of addressing this issue; however, this increases the vehicle's weight and price. Therefore, reducing the long charging duration by introducing DC fast/rapid chargers, and improving charging infrastructures are considered as the most effective solutions in the literature [11] - [14] .
The main questions yet to be solved in the literature are: "What challenges will fast chargers bring for grids, and what can be done to reduce the impact of these challenges?" [11] . There is a limited amount of work quantifying the impacts of fast chargers from a grid's perspective since this type of charging technology is still immature [15] . To bridge this research gap, this paper investigates the challenges introduced by the connection of different types of fast chargers into a system. The UK Generic Distribution Network is adopted to conduct simulation studies. Different solutions are also presented, such as reinforcing the critical parts of the network to facilitate the connection of fast charging stations without affecting the security and stability of the system. This paper is arranged into sections. Section II briefly presents different types of EV battery charging technologies and summarises the existing literature work by focusing solely on the impacts of fast chargers from the perspective of electrical grids. The network model designed and studied in this work is presented and described in Section III. The research methodology and results of different case studies and scenarios are reported and discussed in Section IV. Conclusions are presented in Section V to close the paper.
II. ELECTRIC VEHICLE BATTERY CHARGING STRATEGIES
There are three main EV battery charging levels in the current market. Level 1, termed 'slow-speed', operates at 120 V, whereas Level 2, or 'medium-speed', operates at 240 V. Level 3, or 'high-speed', is used for 480 V or higher voltage levels [13] . Levels 1 and 2 are also referred to as 'normalcharging' and are widely adopted for residential outlets. Most Level 1 charging units are rated up to 2 kW and Level 2 units are designed to charge EVs with an electric output ranging between 4-20 kW [16] . The time duration to charge a fully depleted EV battery may last between 5 to 15 hours for normal charging [17] .
A. Level 3 DC Fast/rapid public charging technology
Level 3 technology is mainly referred to as fast/rapid DC chargers and present the most advanced charging solutions in the industry, with higher power ratings than normal-charging technologies. Level 3 chargers have four standards available in the market: the Chinese GB/T, Combined Charging System (CCS), Tesla Supercharger (SC) and the Japanese CHAdeMO (CHArge de MOve -move by charge) standard [18] . The Japanese CHAdeMO standard is the most publicly available option with an output of 50 kW. In addition, Tesla SCs output up to 135 kW [13] , [19] . Level 3 chargers are designed to reduce the risk of 'range anxiety' and preserve smooth traffic operation by achieving an 80-90% state of charge in half an hour [19] .
Since EVs are still not capable of charging at speeds similar to traditional gas refueling ICE vehicles, long queues and long waiting times may develop at fast charging stations during peak traffic rush hours [14] . The authors in [12] and [20] therefore proposed ultra-fast charging (UFC) technology to reach the charging speeds of traditional ICE vehicles. For instance, Porsche has undertaken a pilot project by developing a prototype ultra-fast charger rated at a 350 kW, 800 V charging station in Berlin in 2017. Nevertheless, there is no other vehicle capable of receiving a 350 kW charging power at the time of writing this paper and, therefore, there are many uncertainties and difficulties in determining the gridside challenges of future power networks. However, network infrastructures will need to considerably change to withstand very high charging demands of UFC stations [13] .
B. Impacts of fast chargers on electrical grids
Fast charging an EV means delivering high amounts of energy from the grid into the battery packs within (usually) a range of minutes. For instance, a station charging 10 simultaneous EVs with an electrical output of 100 kW would exert 1000 kW of additional energy demand onto the base demand of the grid, and as a result, pulsating loads may be exhibited in the system [10] , power losses may increase, critical distribution equipment may be overloaded, and power quality issues may occur in the network [10] , [13] , [21] - [23] .
The limited amount of literature work analysing the impacts of fast charging stations has shown similar findings. Reference [10] showed that fast chargers affect the distribution transformer loading, quality of supply, peak demand (increase by 9%) and voltage profiles in the system. Reference [24] demonstrated that increasing the rating of the fast charging equipment worsens the stability of the system. The authors in [25] suggested the installation of fast charging stations in facilities supplied by medium voltage (MV)/low voltage (LV) transformers to reduce voltage fluctuations. The authors in [26] showed that network losses and busbar voltages are significantly affected in a rural distribution system with the addition of fast chargers. Several studies suggested the application of power compensation services to reduce the impacts of fast charger stations on the network [10] , [25] , [27] . In relation to this, this paper considers different voltage control measures and fast charger connection methods to mitigate the impacts of some of these challenges. In addition, several other studies suggested the implementation of smart charging techniques and vehicle-to-grid (V2G) interfaces to control the EV charging [21] , [28] , [29] ; however, these methods increase the cost and complexity of the systems [21] .
III. MODELLING AND PLANNING
The impacts of fast charging stations are investigated on a UK Generic Distribution System, using the IPSA+ Power software tool. The system is a radial suburban network with 102 busbars in total as shown in Fig. 1 . The grid is connected to the 275 kV busbar and voltage levels are stepped-down to 132 kV, 33 kV, 11 kV and 6.6 kV.
A. Voltage limits, ideal tap positions and network design
Under the Distribution Network Operator (DNO) license obligation, the 132 kV high voltage (HV) buses must operate within strict voltage limits of ± 10%, while the 33/11/6.6 kV MV buses must operate within ± 6% [22] . Equation (1) and Table I are employed to calculate the ideal tap positions for transformers connected at the HV side (HV/MV -132/33 kV) to support the majority of the network.
T ap position
As shown in Table I , negative tap changers (ideal tap positions) are necessarily applied on transformers because negative taps remove the windings and regulate the voltage on the secondary side of the transformer. This is important to make sure that network voltages operate within strict DNO limits. Tap positions (%) are calculated and nearest (ideal) tap is chosen at ± 0.625 (%) increment in IPSA+. 
B. Base network demand
The base network has 25 existing load (demand) points connected at the 11 kV and 6.6 kV MV busbars through twowinding transformers. Each load is modelled as a constant power load and has different demand data (MW) and power factor. The total base network demand is 364.522 MW and this is the demand before any fast charging stations are connected to the network. The base network demand is expected to increase with the connection of fast charging stations and fast charging activities of EVs.
C. Fast charging station connection points
This part of the work assumes that each connected fast charging station has five poles in the network, with each pole being able to charge an EV at 50 kW to represent the CHAdeMO standard rating [18] . In addition, a worstcase scenario is considered to see the impact of simultaneous charging of many EVs on the network by charging each EV at a constant power load of 50 kW at 0.99 power factor. Fig.  2 illustrates the EV charging process and the connection of fast charging stations to the 11 kV and 6.6 kV feeders. 
IV. RESULTS AND DISCUSSION
The primary objective of this section is to assess how the UK Generic Distribution Network shown in Fig. 1 is affected following the connection of multiple fast charging stations under different scenarios. Base case is the first scenario and assumes no charging stations, whereas Case 4 is the last scenario with 12 stations connected in the network. In each scenario, 3 additional fast charging stations are connected to different areas of the network, and hence the total demand due to EV charging increases in each scenario. Table II summarises the assumptions and scenarios for the initial part of the analysis. 
A. Impact on network losses and voltage profiles
The impact of increased fast charging demand on network losses is investigated under different scenarios. Each scenario shown in Fig. 3 represents the amount of losses during three situations: firstly when there are only on-load tap changers (OLTCs) at the HV side to support the majority of the network, secondly when 3 distributed generation (DG) units (total of 5.5 MW capacity) are introduced in critical points of the network, and lastly when static VAr compensator (SVC) devices are used to provide further control measures to the network. According to results, network losses are highest during the first situation; however, the installation of DG and SVC units near chargers contribute to reduction of losses due to additional generation capacity and reactive power compensation. The impact of an increased total demand due to fast charging of EVs on network voltages is also assessed. The results compare the voltage drops at the 11 kV and 6.6 kV busbars in each scenario during two situations: firstly when the network operates with OLTCs and has no additional generation capacity (see Fig. 4) , and secondly when necessary voltage control measures are provided near certain fast charging stations and critical parts of the network (see Fig. 5 ).
In the first situation, voltage profiles of the same busbar almost have an equal amount of voltage drop since total demand due to fast charging is considerably small compared to the base network demand. The maximum voltage drop occurs in scenario 'Case 4' since it has the highest number of stations (12) and associated additional demand (3 MW). On the other hand, four of the connection busbars (1104, 6604, 6607 and 6612) experience voltage violations (see Fig. 4 ) and operate beyond the DNO target voltage for an MV level (i.e. − 6%, <0.94 pu) since larger demand is consumed near these points.
In the second situation, the critical parts of the network are reinforced due to four busbars not operating within ± 6% limit. The maximum voltage drop is about 2% lower than the first situation due to the reinforcement. In addition, all connection busbars operate within stable and strict limits due to reactive power compensation services and necessary voltage control measures (see Fig. 5 ). It should also be emphasised that the distribution network equipment experienced no overloading after the necessary control measures were applied to the critical parts of the network. 
B. Evaluation of network for Tesla supercharger connection
The possibility of introducing 135 kW Tesla SCs is investigated by considering network flexibility. As of today, there are around 1,441 SC stations with 12,888 Tesla SCs worldwide. In the UK, there are around 45 SC stations actively and most stations consist of 8 SC stalls that can provide a charging power of up to 120 kW [30] . The primary objective of this subsection is to determine suitable SC connection locations and investigate the limitations of the studied network.
The network adopted for the study (see Fig. 1 ) is geographically split into 4 different regions (West, East, Southeast and Southwest). Table III A load flow analysis is started to determine the robust (i.e. suitable) and critical (i.e. unsuitable) points for SCs. Each region has different connection capacity (suitability level) because each busbar has different characteristic features (i.e. load type and size, demand profile, amount of consumption, cable ampacity, distance to the point of generation).
Therefore, the sutability level of each connection point is affected by the topology of the network. The suitability level and flexibility of network regions for SC connections are determined and illustrated in Fig. 6 . In order to simplify the presentation of the results, six levels of suitability (0-5) have been proposed (see Table III ). The regions with 5 possible SC connections points (West, Southwest and Southeast) have a suitability level between 0-4, where level 0 denotes that a particular busbar cannot be used for any SC connection (i.e. unsuitable), whereas level 4 denotes the most suitable connection point. The East region has a suitability level between 0-5 since it consists of an additional connection point over the other regions. According to results in Fig. 6 , busbars 6615 from West, 6617 from East, 6609 from Southwest and 1108 from Southeast are determined to be the most suitable connection points where multiple pairs of SC stalls can be installed.
On the contrary, busbars 6607, 1104, 6604 and 6612 from the West, East, Southwest and Southeast regions, respectively, are not suitable for any SC connection as the network would experience certain under-voltages and overloading violations. This happens due to large loads, high reactive power consumption and line/cable ratings (maximum current capability) in those areas. However, reactive power compensation services can be provided at or near certain connection points to increase the flexibility and suitability level of a particular connection busbar and reduce the impacts of high charging demands in the network.
In addition, over-dimensioning of lines/cables is another solution that may need to be considered by DNOs to increase the capability to withstand higher current flows due to increase in total demand associated with fast charging of many EVs in the network.
The overall results show that the East and Southeast are the most suitable regions for the installation of fast charging stations and Tesla SCs. The suitability level of a particular region and connection point may be affected by the proximity of charging stations or regions to the point of generation, as well as amount of reactive power consumption at particular areas of the network. For instance, the amount of reactive power consumption affects the voltage profiles in the network, and therefore, it becomes crucial to implement voltage control measures when capacitive loads (i. e. leading power factors) are present in the network. Level 3 fast/rapid DC chargers are expected to play a big part in the future transportation sector. The technology allows drivers to charge their vehicles on a regular basis and encourages the widespread uptake of EVs. In this paper, the behavior of fast charging of EVs has been modelled and the impacts of the CHAdeMO standard and Tesla SCs have been investigated on a UK Generic Distribution System.
The main findings showed that increased fast charging activities introduce challenges to DNOs, such as increased power losses, higher voltage drops and increased transformer/branch loading in the network. The results also showed that network losses could be reduced up to 22 and 24% with the connection of DG and SVC units respectively. It was also observed that buses located closer to fast charging stations experience a larger voltage drop than buses located farther away. Furthermore, avoiding the connection of fast chargers near large industrial loads and critical network regions will significantly lower the impacts on electrical grids.
It is always ideal to balance the generation and supply to maintain frequency and keep the system stable. Thus, it is therefore best to carry out a feasibility study and determine the robust points in the network that will be able to tolerate and withstand high charging demands of fast charging stations without affecting the stability and security of the system.
